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We report a measurement of the transverse momentum correlation between two photons by de-
tecting only one of them. Our method uses two identical sources in an arrangement, in which the
phenomenon of induced coherence without induced emission is observed. In this way, we produce an
interference pattern in the superposition of one beam from each source. We quantify the transverse
momentum correlation by analyzing the visibility of this pattern. Our approach might be useful
for the characterization of correlated photon pair sources and may lead to an experimental measure
of continuous variable entanglement, which relies on the detection of only one of two entangled
particles.
Spatial entanglement [1] of photon pairs plays an im-
portant role in fundamental quantum mechanics [2–4],
quantum cryptography [5, 6], quantum teleportation [7]
and quantum computation [8]. A widely used strategy
to test spatial entanglement is to directly measure in-
tensity correlations in both near and far fields of the
source plane, which are interpreted as correlations in the
transverse positions and momenta of the two photons.
Measurements of the transverse momentum correlation
between two photons have been performed using a vari-
ety of experimental methods [3], including the scanning
of two detectors [9, 10] or two slits [11], using detector
arrays [12], spatial light modulators [13], and cameras
capable of resolving individual photon pairs [14]. All of
these methods rely on the detection of both of the cor-
related photons. This fact restricts their applicability to
situations where the wavelength of both photons lies in
a spectral range, for which sufficiently efficient detectors
are available.
If two spatially separated nonlinear crystals emit pairs
of photons (signal and idler) by the process of sponta-
neous parametric down conversion (SPDC) [15, 16], the
two resulting signal beams in general do not interfere in
lowest order [17]. This can be understood by the fact
that the measurement on an idler photon would provide
which-path information about a signal photon. However,
lowest order interference between the signal beams oc-
curs if the respective idler beams are indistinguishable.
This phenomenon, known as induced coherence without
induced emission, was first observed experimentally in
[18], following a suggestion by Z. Y. Ou of aligning the
two idler beams [41]. The interferometric visibility is re-
duced if path-distinguishability is introduced via different
transmissions [18, 19], different temporal delays [20] or
different transverse sizes of the two idler beams [21, 22].
Recently, the phenomenon led to applications in imag-
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ing [23], spectroscopy [24, 25], metrology [26], spectrum
shaping [27], and in fundamental tests of complementar-
ity (see e.g. [28–30]).
In this letter, we introduce and experimentally demon-
strate a method for measuring the transverse momen-
tum correlation between two photons by detecting only
one of them. Our method is based on induced coherence
without induced emission in a spatially multimode sce-
nario. We produce an interference pattern in the signal
beams generated by two identical sources, which resem-
bles fringes obtained in a Michelson interferometer. We
show that the visibility of this pattern depends on the
momentum correlation between signal and idler photons.
We demonstrate how this can be used to obtain quanti-
tative information about the momentum correlation.
In our experiment (Fig. 1), two identical periodically
poled nonlinear crystals (NL1 and NL2) are pumped
coherently (λP = 532 nm) and emit photon pairs by
collinear type-0 SPDC. The idler beam (λI = 1550 nm)
Figure 1: Setup of the experiment. A continuous-wave pump
laser (blue, 532 nm) is split at a beam-splitter and focused
into two identical ppKTP crystals NL1 and NL2. The crys-
tals produce signal (green, 810 nm) and idler (red, 1550 nm)
photon pairs by type-0 SPDC. The idler beam from NL1 is
overlapped with the idler beam from NL2 such that the two
beams are indistinguishable after NL2. The two signal beams
are superposed at a beam splitter and a camera detects the
output at the focal distance of a positive lens (Lc).
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2generated by NL1 is directed through NL2 in order to
overlap with the idler beam produced at NL2. After NL2,
the idler beam is discarded. The two signal beams (λS
= 810 nm) are superposed at a beam-splitter. The path
lengths are chosen such that the detection of a signal
or an idler photon yields no information from which of
the two crystals it had emerged. As the pump power is
low (150 mW), we can neglect the probability of creating
more than one photon pair at a time and thus the effect
of stimulated emission [23, 31].
An EMCCD camera collects the superposed signal
beam after it traverses an narrow-band (1 nm) frequency
filter centered at 810 nm and a lens at focal distance from
the camera. We assume the beams to be paraxial and the
detection plane normal to the beam axis. In this case, the
lens ensures that modes of the superposed signal beam
with different transverse wave vectors qS are detected at
distinct points rqS = qS(fcλS/2pi) on the camera.
Confocal lens systems (not in figure) assure identical
pump spots at NL1 and NL2, and point-by-point over-
lap of the idler beams. This causes each individual idler
mode from NL1 to be indistinguishable from an equally
populated idler mode at NL2 and coherence between the
respective signal modes is induced [23, 32]. An additional
lens system images the signal beam at NL1 to the equiv-
alent plane of NL2, canceling the spatially dependent
phase shift that would arise due to the relative propaga-
tion distance between of two signal beams. In this initial
alignment position, the lens systems assure a spatially
uniform interferometric phase between the two interfer-
ing signal beams. If, however, plane wave modes of the
idler beam with different transverse components acquire
different phase shifts φI(qI) on their propagation from
NL1 to NL2, the interference pattern in the superposed
signal beam exhibits a spatial modulation.
It can be shown that the detected intensity pattern is
given by (cf. [33])
I(rqS) ∝ pS(qS)
∫
p(qI |qS) (1 + cos[φI(qI) + φ0]) dqI ,
(1)
where φ0 contains all phase terms that are constant
across the beam cross section. Here, p(qI |qS) =
p(qI ,qS)/pS(qS) describes the conditional probability
density of detecting an idler photon with transverse mo-
mentum ~qI given its partner signal photon has trans-
verse momentum ~qS . The variance ∆p(qI |qS) corre-
sponds to the range over which the momentum of an
idler photon can vary, when the momentum of its part-
ner signal photon is known, i.e. to the “width” of the
correlation.
The visibility at each point on the interference pat-
tern is evaluated by varying φ0 and computing v(rqS) =
[Imax(rqS) − Imin(rqS)]/[Imax(rqS) + Imin(rqS)]. It fol-
lows from Eq. (1) that for a given φI(qI), the visibil-
ity depends only on the conditional probability density
p(qI |qS). Therefore, under reasonable assumptions, the
measured visibility can be used to determine ∆p(qI |qS).
In order to analyze how the momentum correlation
between signal and idler photons affects the visibility
of the interference pattern, we first consider the case
of perfectly anti-correlated transverse momenta, that is
p(qI |qS) ∝ δ(qI + qS). In this case, it follows from Eq.
(1) that the intensity at a particular point on the camera
depends on the phase introduced on exactly one qI . As
a result, the obtained interference pattern attains unit
visibility.
On the other hand, if the momenta of signal and idler
photons are uncorrelated, p(qI |qS) is independent of qS .
As a result, the interference pattern described by Eq. (1)
exhibits no spatial modulation. In this case, any varia-
tion of φI with qI leads to a vanishing visibility across
the entire detected beam.
In general, the transverse momentum correlation be-
tween the two photons is neither perfect nor non-existent
and ∆p(qI |qS) is finite. It follows from Eq. (1) that in
this case, the phases acquired by several qI contribute
to the intensity modulation of the signal beam at one
point on the camera. If φI(qI) varies within the range of
contributing qI , the camera detects an average over sev-
eral interference patterns modulated by different phases.
As a consequence, the visibility of the resulting fringes is
reduced compared to the perfectly correlated case. This
reduction of visibility is generally more pronounced, the
larger ∆p(qI |qS).
We introduced a spatially varying phase-shift by trans-
lating a lens of the imaging system in the undetected
idler beam between NL1 and NL2 along the optical axis.
This phase shift is to a good approximation equivalent
to a free-space propagation about a distance d [34]. It is
given by
φI(qI) =
λId
4pi
|qI |2, (2)
where the distance was set to d = 11.7 mm in our experi-
ment. The resulting interference pattern in the camera is
circularly symmetric as the intensity value depends only
on the radial distance from the beam center ρ. No spa-
tially dependent phase was introduced in either of the
detected signal beams.
The pump beam was focused equally into both crys-
tals, subsequently using lenses of different focal lengths.
The width of the momentum correlation was tuned by
varying the size of the pump focus spots at NL1 and
NL2 simultaneously (see e.g. [3, 35]). A narrow focus
corresponds to more pump wave vectors contributing to
the creation of down-converted photon pairs. The result-
ing uncertainty in transverse momentum of the pump
beam leads to a weaker momentum correlation between
signal and idler photons compared to cases, in which the
pump beam is closer to collimation. Figure 2a shows
experimentally obtained interference patterns for differ-
ent Gaussian pump waists wp. In each pump configu-
ration, the interferometric phase φ0 was scanned. The
visibility at each pixel on the camera was evaluated from
the image data (supplementary). The obtained visibility
profiles express a maximum value at the center of the
3w
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Figure 2: Effect of a varying momentum correlation on the fringe visibility. Interference fringes are obtained in the signal beam
by introducing an effective propagation distance (d = 11.7 mm) in the idler beam between the two crystals. (a) Examples of
resulting camera images for different Gaussian pump waists wP . Smaller wP correspond to a weaker momentum correlation
and to a lower visibility (b) Visibility profiles evaluated from the data by scanning the relative phase in which the two crystals
are pumped, for wP ≈ 125 µm (red), wP ≈ 160 µm (green) and wP ≈ 200 µm (blue). (c) Measured FWHM of the visibility
as a function of the pump focus (black points) compared to a numerical simulation (blue line).
interference pattern and decrease with the distance from
the center. This behavior is expected, as the introduced
quadratic phase φI(qI) varies faster for larger qI . Fig-
ure 2b shows that a narrower pump focus corresponds
to a faster decrease. The full width at half maximum
(FWHM) of each visibility profile was determined. The
results are presented in Fig. 2c in comparison to a nu-
merical simulation.
In order to quantitatively relate our results to the vari-
ance of the transverse momentum correlation between
signal and idler photons, the conditional probability den-
sity p(qI |qS) needs to be parametrized. We assume that
in the evaluated region of the beam, it can be approxi-
mated by a Gaussian distribution,
p(qI |qS) ∝ exp
[−|qS + qI |2/(2σ2c )] , (3)
where the standard deviation σc represents a measure for
how well the transverse momenta of signal and idler pho-
tons are correlated. This parameter is determined exper-
imentally. Equation (3) can be justified by comparison
to the theoretical prediction for the SPDC emission in
our experiment (supplementary). The resulting visibility
can be explicitly calculated using Eq. (1).
A larger value of σc corresponds to a faster decrease of
the visibility with the distance from the center. It can be
shown that a one-to-one correspondence exists between
the FWHM of the peak of the visibility profile and σc
[42]. This fact allows to numerically compute the vari-
ance of the conditional transverse momentum distribu-
tion ∆p(qI |qS) = σ2c from the measured FWHM values.
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Figure 3: Experimentally determined variance of the trans-
verse momentum correlation between signal and idler photons
(∆p(qI |qS) = σ2c ) for different Gaussian pump waists in both
crystals. The black data points are obtained from measure-
ments on signal photons only. The results are compared to
the theoretical prediction, ∆p(qI |qS) = 1/w2p (blue line).
4Figure 3 shows the results in comparison to the theoret-
ical predictions.
In our approach, we circumvented the necessity of eval-
uating absolute visibility values, which is sensitive to ex-
perimental imperfections and noise [43]. Instead, we de-
termined ∆p(qI |qS) merely from relative visibility values
obtained at different radial distances from the beam cen-
ter on the camera.
We have demonstrated a method of quantifying the
transverse momentum correlation between signal and
idler photons by detecting only signal photons. Our
method requires two sources, which have identical emis-
sion properties and emit photon pairs coherently. The
latter is a necessary condition for the effect of induced
coherence without induced emission to be observed. We
assumed a specific Gaussian form of the conditional prob-
ability density of signal and idler transverse momenta.
However, our approach could be easily extended to dif-
ferent distributions.
Experimentally, we determined the momentum corre-
lation between two photons independently of their cor-
relation in position. All measurements were performed
only on signal photons and only in the momentum basis.
We did not need to measure the spatial coherence of the
signal beam [44]. Furthermore, we did not perform any
coincidence detection or post selection.
The presented method might be used for the charac-
terization of sources of momentum correlated photons in
situations where conventional methods involving coinci-
dence detection are not practical, e.g. if detectors are
not available for both wavelengths. From a fundamental
viewpoint, it demonstrates that it is possible to measure
higher order correlations between two systems without
detecting one of them.
We believe that our method can be generalized to mea-
sure correlations not only in transverse momentum but
also in other degrees of freedom, particularly in trans-
verse position. This potentially has far-reaching implica-
tions in the characterization of spatially entangled states,
as it opens a promising avenue of research towards an ex-
perimental measure of continuous-variable entanglement,
which does not require a pure state assumption and which
requires the detection of only one of two entangled par-
ticles.
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6A. Supplementary Information
1. Theory of SPDC correlations
The bi-photon state produced in each nonlinear crystal
can be written in the angular spectrum representation as
(e.g. [35])
|Ψ〉 =
∫
C(qS ,qI)|qS〉|qI〉dqSdqI , (4)
where qS and qI represent transverse components of a
wave vector of the signal and the idler beams respectively.
The the joint probability density of detecting an idler
photon in mode qI and a signal photon in mode qS is
given by p(qI ,qS) = |C(qS ,qI)|2. The spatial properties
of the bi-photon emission are governed by (cf. e.g. [35,
36])
C(qS ,qI) ∝ A
(|qS + qI |2) sinc(L∆kz(qS ,qI)
2
)
, (5)
where A
(|qS + qI |2) = A (|qP |2) represents the angular
spectrum of the pump beam, L is the length of the non-
linear crystal and ∆kz(qS ,qI) is determined by the phase
matching. In the absence of transverse phase mismatch,
∆kz(qS ,qI) = |qS − (λI/λS)qI |2λPλS
4piλI
, (6)
where λS , λI and λP denote the wavelengths of signal,
idler and pump beams. Equation (6) representing the
longitudinal phase-mismatch ∆z was obtained by gener-
alizing the derivation in [36] to the case of non-degenerate
SPDC. We implicitly assume the material contribution to
the phase-mismatch to be much smaller than the geomet-
rical contribution, which holds for most optical materials
[36].
If the pump is a Gaussian beam with waist wP , its
angular spectrum is given by
A
(|qS + qI |2) = exp (−|qS + qI |2w2P /4) . (7)
Equation (7) accounts for the fact that a narrower pump
focus leads to weaker momentum correlation due to a
higher uncertainty in transverse momentum of the pump
photons [3, 35, 37]. In our experiment, we evaluate the
visibility in a circular region around the beam center of
the superposed signal beam of ≈ 2 mm radius, corre-
sponding to |qS | ≈ 105m−1. Eq. (6) was computed four
our crystal parameters and was found to be almost con-
stant within this range. Therefore, the bi-photon am-
plitude in Eq. (5) can be approximated by a Gaussian
function.
It follows that the conditional probability density
p(qI |qS) = |C(qS ,qI)|2/
∫ |C(qS ,qI)|2dqS is given by
p(qI |qS) ∝ exp
(−|qS + qI |2w2P /2) , (8)
which corresponds to Eq. (3), with a predicted variance
σ2theo = 1/w
2
p. This expression was used to perform the
numerical simulations.
2. Evaluation of the visibility FWHM values
For each measurement, the raw camera images for 25
different settings of interferometric phase φ0 were cor-
rected for background and a Gaussian image filter was
applied to reduce noise. Camera pixels, at which the
mean measured intensity (averaged over all phase values)
was lower than 20% of the average intensity in the beam
center were discarded. Independently for each camera
pixel, sinusoidal fits were applied to the measured inten-
sity values at different phase settings. The visibility at
each point was computed from the resulting fit coeffi-
cients. The visibility profile was obtained as an average
over 201 cross sections evaluated at different angles. The
center of symmetry was found by maximizing the cross
correlation of the radial visibility profile in opposite di-
rections.
